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Five prompt proton decay lines have been identified between deformed states in 59Cu and three spher-
ical states in 58Ni by means of high-resolution in-beam particle-gg coincidence spectroscopy. The
GAMMASPHERE array coupled to dedicated ancillary detectors including four DE-E silicon strip de-
tectors was used to study high-spin states in 59Cu. The multiple discrete proton lines are found to probe
the wave functions of states in the decay-out regime of well- and superdeformed states.
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In 1970 proton radioactivity was discovered in the decay
of an isomer in the proton-rich nucleus 53Co [1]. Advances
in accelerator technology and experimental techniques al-
lowed for detailed studies of exotic nuclei at or beyond the
proton drip line between tin and bismuth based on their
instability against proton emission [2,3]. During a sympo-
sium devoted to proton-decay studies [4] recent highlights
and developments in the field have been summarized, in-
cluding the identification of deformed ground-state proton
emitters [5] and their so-called fine structure decays [6].
The branching ratios of the fine structure lines allow an
insight into the composition of the wave function of the
proton prior to its decay from the metastable state [7]. The
significant experimental progress was accompanied by re-
fined theoretical descriptions of proton radioactivity from
spherical (see, e.g., Refs. [3,8]) and deformed nuclei (see,
e.g., Refs. [9–11]), and treatments beyond the stationary
picture have been developed lately based on the time-
dependent Schrödinger equation [12].

During recent years, the nuclear decay mode of discrete-
energy prompt proton- and a-particle emission has been
established in nuclei near 56Ni [13–16]. Different from
the ground-state proton emitters, the prompt particle
emission competes with g rays instead of b1 radia-
tion. This places the time scale of the decays into the
10212 10215 s regime, and allows their study in “prompt”
coincidence with preceding and subsequent g rays emitted
from the parent and daughter nuclei, respectively. The
prompt particle decays proceed from highly or super-
deformed initial states into spherical daughter states. This
implies a drastic rearrangement of the nuclear mean field
in the course of the decay. Hence, the decay mode may
be viewed as a self-regulated two-dimensional quantum
tunneling process, which is unique in nature.

In the present Letter, we report results obtained with an
unprecedented setup aiming at combined high-resolution
01-1 0031-9007�02�89(2)�022501(4)$20.00
in-beam proton-gg coincidence spectroscopy. A total of
five proton-decay lines have been observed in 59Cu in the
decay-out regime of three rotational bands. The five proton
decays populate only three spherical states in the daughter
nucleus 58Ni. This implies the first observation of “fine
structure’” for the new decay mode.

The experiment was performed at the Argonne Tan-
dem Linac Accelerator System. Excited states in mass
A � 60 nuclei were formed using the fusion-evaporation
reaction 36Ar 1 28Si at a beam energy of 148 MeV. The
0.4 mg�cm2 thin target layer of 99.1% enriched 28Si was
sputtered onto a 1.0 mg�cm2 gold support foil, which
faced the beam and lead to a reduction of �7 MeV in
beam energy. The GAMMASPHERE array [17] con-
sisted of 86 compton-suppressed germanium detector ele-
ments. The heavimet collimators were removed to collect
event-by-event the g-ray sum energy, H, and multiplicity,
K. The most forward section of GAMMASPHERE was
replaced by twenty liquid scintillator neutron detectors,
which were necessary to study other reaction channels.
Evaporated charged particles were detected in MICROBALL

and a wall of four DE-E silicon strip telescopes [18],
which replaced the forward three rings of MICROBALL, be-
cause the previous studies [13–15] showed that the finite
opening angles of the CsI elements of MICROBALL give the
largest contribution to the FWHM of the proton peaks.

Each of the silicon telescopes consisted of a DE counter
with a thickness of �65 mm followed by an E detector
of �1 mm. Each element was 50 3 50 mm2 in size and
electrically separated into 16 strips. The arrangement gives
rise to 4 3 16 3 16 � 1024 pixels of 3 3 3 mm2 size.
Because of the geometrical limit set by the fourth ring
of MICROBALL [18] some 800 pixels were available for
particles coming from the reaction spot. The combined
effects of intrinsic, geometric, and kinematic contributions
to the resolution sum up to an expected and measured
© 2002 The American Physical Society 022501-1
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FWHM � 300 keV for the present setup. For more details
we refer to Ref. [19], which contains a full description of
the setup and analysis techniques.

High-spin states in 59Cu are formed following the evapo-
ration of one a-particle and one proton from the compound
nucleus 64Ge (“1a1p channel”). Because of the high beam
energy, this reaction channel accounts for only less than
2% of the total fusion cross section though very high ex-
citation energies and spins can be reached [20,21]. Pre-
viously, two proton decay lines have been observed from
two different bands in 59Cu, but the proton-energy resolu-
tion did not allow for any detailed investigation [15]. The
main results of the present study are shown in Fig. 1 and
Table I. Figure 1 shows the relevant parts of the level
scheme of 59Cu (bands B4, B5, and B6 in the notation of
Ref. [21]) and 58Ni [16,22,23]. The five observed proton
decays are marked with p1, . . . ,p5.

Figure 2 presents proton center-of-mass energy spectra
in coincidence with g-ray transitions from the three dif-
ferent bands in 59Cu. All spectra are taken in coincidence
with one a particle and two protons. This leads to the fi-
nal residue 58Ni. Further channel selectivity was achieved
by using correlations between H, K, and the summed en-
ergy of all detected charged particles [24]. At least one
of the two protons had to be detected in the Si-strip tele-
scopes. When the energy Ep,cm of the proton was less than
3.6 MeV, it was considered as a proton-decay candidate,
and a specific kinematic correction procedure was applied
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FIG. 1. Partial level schemes of 59Cu [15,21] and 58Ni
[16,22,23] (gray background). Level energies relative to the
ground state of 59Cu and g-ray energies are in keV. The
numbers on top of bands B5 and B6 refer to higher-lying band
members. The widths of the arrows correspond to the relative
g-ray intensities in the g-decay schemes. The five prompt
proton decays are indicated with p1, . . . , p5.
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TABLE I. Energies, spins, and parities of initial and final states
of prompt proton decays from 59Cu into 58Ni. The Qp values
of the decays and the measured proton energies Ep,cm are given
as well. Uncertainties include systematic and statistical errors.
Note that due to momentum conservation Ep � 58�59 ? Qp .
The proton branchings, bp , of the states and their intensities,
Ip,rel , in percent of the most intense g-ray transition in 59Cu
[21] are provided along with predictions of the proton decay
widths GWKB using a semiclassical WKB approach described in
Ref. [26].

Ex,i Ip
i Ip

f Qp Ep,cm bp Ip,rel GWKB

(keV) �h̄� �h̄� (MeV) (MeV) (%) (%) (eV)

7792 17�21 41 1.949 2(1) 0.1(1) 0.42
7825 17�21 41 1.916

1.94(2)
11(3) 0.7(2) 0.35

11 917 25�21 81 1.897 1.90(3) 9(2) 1.4(3) 0.31
12 039 25�21 81 2.019 1.97(4) 8(3) 0.4(2) 0.62
11 984 23�22 72 2.484 2.47(3) 53(8) 0.6(2) 5.5

(cf. Ref. [19]). The “background” from evaporated pro-
tons was subtracted from all spectra in Fig. 2.

The measured proton energies comply with the Qp val-
ues, which can be derived from the known masses [25]
and g-ray energies. Figure 2(a) is in coincidence with
any of the 328, 361, 574, 728, or 820 keV transitions
in band B4. A proton line is seen at 1.94(2) MeV with
FWHM � 300�20� keV. Figure 2(b) is in coincidence
with the 1599, 2242, 2611, 3004, and 3424 keV transitions
in the superdeformed band B5. The 1900 keV line was
excluded due to a relatively intense 1899 keV 102 ! 91

transition in 58Ni. A proton peak is seen at 1.91(2) MeV
with FWHM � 410�10� keV. This is significantly larger
than expected for a single proton line. The doublet struc-
ture of the peak in Fig. 2(b) is explained by the spectra in
Figs. 2(c) and 2(d). These are in additional coincidence
with a second g ray at 1434 [panel (c)] and 1313 keV
[panel (d)]. The centroids of the peaks are at 1.90(3) and
1.97(4) MeV, respectively, and correspond to the proton
decays p3 and p4. The spectrum in Fig. 2(e) is in coinci-
dence with the 1143 keV transition in band B6. The peak
at 2.47(3) MeV is consistent with the previous observation
of the proton decay [15].

Evidence for the specific initial and final states involved
in the five proton decays is presented in the three g-ray
spectra of Fig. 3. They are subject to the same overall
gating conditions mentioned earlier, and result from an
Eg Ep,cm Eg triple correlation analysis. The spectra in
Figs. 3(a), 3(b), and 3(c) are in coincidence with the same
g-ray transitions as Figs. 2(a), 2(b)–2(d), and 2(e), respec-
tively. In addition, they are in coincidence with the corre-
sponding proton peaks, which were selected according to
1.7 MeV , Ep,cm , 2.3 MeV for bands B4 and B5 and
2.3 MeV ,Ep,cm , 2.7 MeV for band B6.

The spectrum in Fig. 3(a) shows relatively intense peaks
at 328, 574, 728, and 820 keV, which are members of band
B4, and at 1005 and 1454 keV, which correspond to the
41 ! 21 ! 01 cascade in 58Ni. Their presence clearly
022501-2



VOLUME 89, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JULY 2002
-200
0

200
400
600

-200
0

200
400
600

-10

0

10

20

C
ou

nt
s 

pe
r 

C
ha

nn
el

-10

0

10

20

1 3 5 7 9
Ep,cm (MeV)

-100
0

100
200
300

1.
94

(2
)

1.
91

(2
)

1.
90

(3
)

1.
97

(4
)

2.
47

(3
)

(a)

(b)

(c)

(d)

(e)

B4

B5

B6

FIG. 2. Proton center-of-mass energy spectra in coincidence
with g-ray transitions belonging to bands B4 (a), B5 (b)– (d),
and B6 (e) in 59Cu [21]. The proton peaks are labeled with their
energies, and the resolution of the spectra corresponds to 50 keV
per channel.

demonstrates the existence of the proton connection p1.
Only a weak peak is visible at 361 keV. In fact, the relative
intensities of the 328 and 361 keV lines in Fig. 3(a) were
used to determine the relative yields of the proton branches
p1 and p2. The proton branches, bp , relative to the g

branches, b, can be determined by comparing the yields
of g-ray members of band B4 in 1a1p- and 1a2p-gated
spectra using the method described in, e.g., Ref. [16]. At
least one of the protons in the 1a2p gate had to be de-
tected in the Si-strip array. The proton decays from the
7825 keV [bp1 � 11�3�%] and 7792 keV [bp2 � 2�1�%]
states account for some 5% of the full band intensity feed-
ing into the 8153 keV level. The weak peaks at 1549 and
1972 keV in Fig. 3(a) are also from band B4, while the
cross talk between B4 and B5 arises from several weak g

rays connecting them [21].
Figure 3(b) reveals a number of g-ray peaks belonging

to 58Ni. They prove that the yrast 81 state in 58Ni is popu-
lated exclusively by the proton decays p3 and p4. Note,
e.g., the absence of a peak at 842 keV (91 ! 81 transi-
tion). The proton branches for the two proton decays of
band B5 have been determined to bp3 � 9�2�% and bp4 �
022501-3
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FIG. 3. Gamma-ray spectra in coincidence with the proton
lines at Ep,cm � 1.9 MeV (a),(b) and Ep,cm � 2.5 MeV (c)
(cf. Fig. 2) as well as g-ray transitions belonging to bands
B4 (a), B5 (b), and B6 (c). Energy labels are in keV. The
labels for transitions in 58Ni are gray. Note that the marked
peak positions of the rotational bands are known from g-spec-
troscopic work [15,21].

8�3�%. Using the g-ray branchings from the 13 351 keV
level, b�1434� � 0.59�3� and b�1313� � 0.19�2�, the ra-
tio R � bp4 ? b�1313��bp3 ? b�1434� � 0.3 matches the
relative intensities of the peaks at 1313 and 1434 keV in
Fig. 3(b). The summed proton branches of B5 relative to
the intensity of the 1599 keV line amount to 7(2)%.

In Fig. 3(c) the peaks at 700 and 956 keV are important,
as they prove the feeding of the yrast 72 state in 58Ni via
the proton decay of band B6. The proton-decay branch
from the 11 984 keV state amounts to 53(8)%. Using the g

branching b�1143� � 0.46�8� this corresponds to a proton-
emission branch of B6 of 24(6)% relative to the yield of
the 1526 keV line. This number and the result for B5 are
consistent with previous estimates [15]. It is interesting to
note that the product of the average proton-line intensities,
Ip,rel � 1% (cf. Table I), and the estimated relative cross
section of the formation of 59Cu, srel , 2%, implies that
the present setup is sensitive to proton-gg coincidences
down to a 1024 level.

From the spins and parities of the initial and final states
it is clear that all five proton decays relate to the emission
of 1g9�2 protons, which is in line with the observations in
56Ni [14] and 58Cu [13]. Unfortunately, a model describing
both the dynamic shape change associated with the prompt
proton decays and the overlap between initial and final
wave functions is not at hand. In turn, the present results
are compared to simple, semiclassical WKB estimates of
the decay rates in Table I. These predictions depend solely
on the energy and the angular momentum of the emitted
proton.

The rotational bands in the mass A � 60 region can be
classified by the number of proton and neutron holes in
the 1f7�2 shell �p1, n1� and the number of particles in the
1g9�2 shell �p2, n2� via �p1p2, n1n2�. In a recent study
of 59Cu the configurations �10, 11�, �21, 22�, and �21, 21�
were assigned to B4, B5, and B6, respectively [21]. For
022501-3
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B4 the �21, 00� configuration (one proton in the 1g9�2 shell)
was found to compete energetically with the �10, 11� as-
signment (one neutron in the 1g9�2 shell). It was, how-
ever, excluded because the intense DI � 1 transitions in
B4 (cf. Fig. 1) favor an odd number of proton and neutron
holes [21]. Since they populate the same level in 58Ni, the
proton branches from the two 17�21 states should be al-
most equal from the simple energetical point of view (see
Table I). Experimentally, however, they differ by a factor
of 5 to 10. Thus, the 7825 keV state can be associated with
a dominating proton �21, 00� configuration, while the level
at 7792 keV, which is governed by the neutron �10, 11�
configuration, marks the actual continuation of band B4
to lower spins. The small energy difference between these
two levels also hints at a small mixing, hence, rather dif-
ferent wave functions.

The configurations of the super- and well-deformed
bands B5 and B6 include one proton in the 1g9�2 shell.
Following the emission of the proton and the shape change,
which is accompanied with the filling of the four 1f7�2
holes, it seems reasonable that the proton decays couple
to fully aligned n�1g9�2�281 and n�1g9�2� 3 n�1f5�2�72

partitions in the wave functions of the respective 58Ni
daughter states.

In the WKB approach the higher energy of the proton
branch p4 implies that it should be 2 times more intense
than the branch p3. However, as mentioned earlier, the ob-
served ratio is R � 0.3, i.e., the decay from the 12 039 keV
state is about 6 times more hindered than the decay from
the 11 917 keV state. One explanation could be that the
former state is more deformed. This, however, is at vari-
ance with the fact that the 1434 keV line carries most of
the g strengths of the superdeformed band B5. In turn,
the 12 039 keV could contain a larger admixture of less
deformed bands, the configurations of which may not in-
clude a proton in the 1g9�2 shell.

Next to the observed 2484 keV 1g9�2 proton decay p5
of band B6 there is a possibility for a 1964 keV 1f7�2
proton decay into the yrast 81 state of 58Ni. The reduced
angular momentum overcompensates the reduction in en-
ergy such that the WKB model predicts an almost exclusive
1f7�2 decay, which is at variance with the observations.
The situation is similar to the case in 58Cu [19], and the
discrepancy between the simple model and the observa-
tions clearly hints at nuclear structure and/or deformation
effects, which are necessary to counteract the preference
of the 1f7�2 decay strengths.

To summarize, an unprecedented setup for high-
resolution in-beam particle-gg coincidence spectroscopy
allowed the observation of five prompt proton decays con-
necting five states in three rotational bands in 59Cu with
three spherical states in 58Ni. In two cases, multiple proton
lines have been identified, and their respective relative
yields provide sensitive probes of the wave function
composition of states in the decay-out regime of the
deformed and superdeformed bands in 59Cu.
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